Experimental evidence implicates interferon gamma (IFNg) in protection from and resolution of chlamydial infection. Conversely, interleukin 10 (IL10) is associated with susceptibility and persistence of infection and pathology. We studied genetic variation within the IL10 and IFNg loci in relation to the risk of developing severe complications of human ocular Chlamydia trachomatis infection. A total of 651 Gambian subjects with scarring trachoma, of whom 307 also had potentially blinding trichiasis and pair-matched controls with normal eyelids, were screened for associations between single-nucleotide polymorphisms (SNPs), SNP haplotypes and the risk of disease. MassEXTEND (Sequenom) and MALDI-TOF mass spectrometry were used for detection and analysis of SNPs and the programs PHASE and SNPHAP used to infer haplotypes from population genetic data. Multivariate conditional logistic regression analysis identified IL10 and IFNg SNP haplotypes associated with increased risk of both trachomatous scarring and trichiasis. SNPs in putative IFNg and IL10 regulatory regions lay within the disease-associated haplotypes. The IFNg þ 874A allele, previously linked to lower IFNg production, lies in the IFNg risk haplotype and was more common among cases than controls, but not significantly so. The promoter IL10-1082G allele, previously associated with high IL10 expression, is in both susceptibility and resistance haplotypes.
Introduction
Trachoma is the leading infectious cause of blindness. In all, 150 million children have active (inflammatory) trachoma, and about 6 million people, mainly adults, are blind from late scarring sequelae. 1 For demographic reasons, the number of people blind due to trachoma is believed to be increasing. 2 Ocular Chlamydia trachomatis infection causes inflammatory changes in the conjunctiva, and repeated infections sometimes lead to fibrosis and scarring of the sub-tarsal conjunctiva. This may cause the upper eyelid margin to turn inwards so that the lashes rub against the eyeball (trichiasis), which damages the cornea and leads ultimately to blindness. 3 In trachoma endemic areas, most individuals suffer from ocular Chlamydia infection in childhood. The majority resolve the infection without permanent sequelae. However, a subgroup of individuals develop more severe and persistent clinical disease in response to infection, 4, 5 and are more likely to develop conjunctival scarring and trichiasis in later life. 6 The reasons for this heterogeneity in susceptibility to chlamydial infection and disease progression following a rather uniform bacterial exposure remain incompletely understood.
In mice, an inadequate immune response to clear infection is associated with severe disease and chronic sequelae. 7, 8 Gene-targeted transgenic mice, lacking particular components and cell populations from the immune system, have shown that a T-helper 2 (Th2) pattern of cytokine production following chlamydial infection is associated with failure to clear infection. Conversely, a T-helper type 1 (Th1)-like response results in resolution of infection without tissue damage. 9 High interleukin 10 (IL10) production is associated with pathogenesis 10, 11 and IFNg with resistance to chlamydial infection. 10 Furthermore, in vitro studies have shown that IFNg inhibits chlamydial replication. [12] [13] [14] In humans, evidence relating to these observations is more limited. Increased expression of IFNg and IL10 has been found in the conjunctiva of individuals infected with C. trachomatis. 15 We have previously reported higher IFNg production by peripheral blood lymphocytes from matched controls in response to chlamydial antigen stimulation than in patients with trachomatous scarring. High ex vivo IL10 production by lymphocytes from patients with scarring trachoma (TS) has also been observed. 16 Evidence from a twin study suggested that genetic variation influences the host immune response to trachoma. 17 We have identified associations between trachomatous scarring and HLA class I and II alleles, and with single-nucleotide polymorphism (SNPs) at the TNFa and IL10 loci in Gambians in previous studies. [18] [19] [20] [21] SNPs account for the majority of variation within the human genome, and arise on chromosomes within particular sequences of alleles at neighboring SNP loci (haplotypes). An SNP/disease association can occur if the SNP directly influences disease risk, or alternatively if the functional SNP lies elsewhere on the haplotype and is therefore in high linkage disequilibrium (LD) with the measured SNP. Thus, it remains unclear if the SNPs previously evaluated in these studies are functional or in LD with other polymorphism(s) that affect cytokine expression in such a way as to predispose to persistent C. trachomatis infection and scarring sequelae. Knowledge of the extent of LD and of haplotypic structure at candidate gene loci may help to resolve this.
We report here a case-control study linking polymorphism at the IL10 and IFNg loci to the risk of TS and trichiasis. We used knowledge of local patterns of LD and haplotype structure in Gambian populations to select and type SNPs capturing much of the variation at these loci. This increases the chance of capturing a functional mutation within a given haplotype, 22 and permits a more informed discussion of whether a given polymorphism is likely to be causal or a marker in LD with a true causal allele or alleles elsewhere.
Results
Single-marker analysis Four SNP markers were typed at each locus (Figures 1  and 2 ). The distribution of all marker genotypes among cases and controls was in Hardy-Weinberg equilibrium (HWE).
The analysis of single-marker association at each locus is presented in Tables 1 and 2. Table 2 shows the genotype frequencies at both loci for each phenotype and the results of conditional logistic regression (CLR) analysis of matched case-control pairs. Three SNP alleles, IFNg þ 3234C, IL10 þ 5009G and IL10À3575A, were significantly associated with trachomatous scarring in multivariate analysis. The IFNgÀ1616T allele frequency was marginally higher among scarred subjects than controls (0.51 vs 0.47, P ¼ 0.087), a significantly higher proportion of cases than controls were homozygous IFNgÀ1616TT, and a significant trend in risk of trichiasis with the number of À1616T alleles was present at border line of significance (w 2 for trend ¼ 3.19, P ¼ 0.076). A similar significant trend in risk was seen with copy number for the disease-associated alleles IFNg þ 3234C, IL10 þ 5009G and IL10À3575A (w 2 for trend ¼ 4.030; 22.64; 36.76, P ¼ 0.046; o0.001; o0.001, respectively) (data in Table 2 ). The IL10À1082G allele was associated with TS only within the Mandinka ethnic group (P ¼ 0.0379, OR (CI 95%) ¼ 1.64 (1.10-2.43)). Where IL10 alleles were associated with increased risk of disease, the risk was generally greater for the more severe trichiasis phenotype compared to TS ( Table 2) . The risk of scarring observed with this allele was greater in subjects aged under 35 (P ¼ 0.04, data not shown) compared to older subjects. There was some evidence that the IL10À3575A allele conferred a greater risk of scarring in females than males (likelihood ratio for interaction 1.55 (95% CI 1.01-2.39) -data not shown).
The presence of the low-frequency IFNg þ 2200C allele increased the risk of TS in this younger group of subjects (P ¼ 0.04, OR (CI 95%) ¼ 0.58 (0.34-0.99)), but paradoxically slightly reduced the risk of trichiasis in the overall sample population ( Table 1 ). The significance of this is uncertain given the low allele frequency and modest sample size for low-frequency effects. There was no evidence of any other genotype risk varying with age. Tables 3 and 4 accounted for most of the variation at both loci. At the IFNg locus, variation at the four SNP sites segregated into seven haplotypes. Three of these were present at a frequency 410% and accounted for about 80% of total variation. Similarly, analysis suggested that 10 haplotypes were present at the IL10 locus. Two haplotypes (TTTA and ACGG) with frequency 410% accounted for 66% of all haplotypes and four were present at frequencies of p5%, suggesting high LD between segregating sites. A 7 kb haplotype of four haplotype tagging SNPs (htSNPs) at the IFNg locus (À1616T/ þ 2200T/ þ 3234C/ þ 5612C) (IFNg-TTCC) and two 10 kb haplotypes of four htSNPs at the IL10 locus (À3575A/À1082C/À592G/ þ 5009G) (IL10-ACGG) and À3575A/À1082T/À592G/ þ 5009G) (IL10-ATGG) were associated with an Cytokine SNPs linked to risk of severe trachoma A Natividad et al increased risk of trachomatous scarring (Tables 3 and 4) . In all instances, these risk haplotypes contained the SNP alleles themselves associated with increased risk (the IFNgÀ1616T, IFNg þ 3234C, IL10À3575A and IL10 þ 5009G alleles). The two IL10 risk haplotypes differed only at position À1082. Conversely, an IL10 haplotype significantly associated with protection from TS (À3575T/À1082C/À592G/ þ 5009A) (IL10-TCGA) contained the common þ 5009A and À3575T alleles found at a higher frequency in the control than case group. For IFNg-TTCC and IL10-ACGG, the risk of both scarring and trichiasis increased with the number of copies of the haplotype (Table 5) .
Haplotype analysis

Discussion
This study used high-throughput SNP genotyping and haplotype analysis to further explore genetic susceptibility to the scarring sequelae of human ocular chlamydial infection. Focusing on the plausible candidate genes IL10 and IFNg, we present data relating polymorphism at these loci to the risk of conjunctival scarring. We use knowledge of haplotype structure and LD patterns in the Gambian population in the interpretation of these associations and discuss how these observations relate to attempts to understand the relationship between genotype and phenotype and their relevance to disease pathogenesis and vaccination strategy.
We observed allelic and haplotypic variants associated with an increased risk of both conjunctival scarring and trichiasis. Specific risk alleles and haplotypes were generally more strongly associated with trichiasis than conjunctival scarring. This is consistent with a biological effect since trichiasis may be considered as a more severe form of scarring. Alternatively trichiasis, which involves visible distortion of the eyelid, may have been less subject to clinical misclassification and thus more suitable for genetic studies of susceptibility to severe disease. In endemic settings the severe phenotypes of trachoma emerge in an age-dependent way, with the prevalence of scarring and its blinding sequelae increasing with age and being more commonly seen in older adults: 23 thus subjects who develop scarring at a younger age may also represent more extreme examples of the phenotype. Our study gives very limited support to a potential 'early scarring' phenotype, although an analysis stratified by age detected markers in both loci associated with an increased risk of scarring among the youngest subjects, in one case this was confined to one ethnic group and the other was with a low-frequency marker, of borderline significance, and in different directions for scarring and trichiasis.
Mutations in genes encoding Th1 cytokines and their receptors have been found to confer susceptibility to infectious diseases caused by intracellular pathogens. [24] [25] [26] [27] [28] This is one of the first studies to have implicated common polymorphisms in the IFNg locus in an infectious disease where pathology results from repeated or persistent infection, and adds weight to the concept that this cytokine is important in immune defense against intracellular pathogens. Two common SNPs, À1616T and þ 3234C, located in the 5 0 -untranslated region (UTR) and the first intron of the IFNg gene, respectively, were associated with susceptibility to TS and trichiasis. These SNPs, which are in high LD with each other, could act directly to affect gene expression by altering splicing efficiency or the binding of transcription factors, or alternatively be in LD with other functional allele(s). Haplotypic analysis showed that the common haplotype IFNg-TTCC, containing the À1616T and þ 3234C risk alleles, was associated with risk of scarring and trichiasis. However, the À1616T marker was also present in another common haplotype IFNg-TTTT which appeared neutral with respect to risk of disease (Table 3 ). This suggests that the À1616T allele may not be functional itself but in LD, with a functional allele elsewhere within the risk haplotype. This is further supported by the fact that the risk conferred by the haplotype is similar to that associated with the single marker.
Several polymorphisms described in the UTR and promoter regions of the IFNg gene are suspected to affect transcription by altering the stability of the promoter. [29] [30] [31] Enhancer sites in intron 1 and several NFkB-binding sites in introns 1, 2 and 3 have been described. 32, 33 Most IFNg genetic association studies have focused on two variants in the first intron, which were in high LD with each other in the Caucasian subjects studied: a putative highproducing IFNg 12CA repeat microsatellite allele and the neighboring SNP at position þ 874 located within a proposed NFkB-binding site. The IFNg þ 874 TT genotype has thereby been linked to high IFNg production capacity. 34, 35 In our study, the IFNg þ 874T marker showed no association with TS. However, the less common IFNg þ 874A allele, which is considered to lack the NFkB-binding motif, is within the diseaseassociated haplotype IFNg-TTCC (data not shown), and this is consistent with the suggestion that less efficient IFNg production may be associated with trachomatous scarring. The haplotypic background and allelic frequencies of the IFNg CA microsatellite marker are quite different between Gambians and Caucasians. In Gambians high LD between IFNg þ 874T and IFNg CA microsatellite alleles has not been found, but instead the IFNg CA microsatellite appears to be in strong LD with the IFNg þ 3234 site, with the IFNg þ 3234C disease-associated allele highly linked with the 12 CA repeat microsatellite allele. It is possible that this microsatellite marker allele may be in LD with a causal variant rather than actually functioning in the high IFNg-producing phenotype. Further investigation on a cellular level to check for a functional effect of this and other SNPs present in the risk haplotype seems warranted.
The role of IFNg in trachomatous disease may be double-edged. Some have proposed that IFNg-induced chlamydial persistence may lead to chronic inflammation and tissue damage 36, 37 partly through the induction of putative sensitizing antigens such as chlamydial heat shock protein 60 (Chsp60). 38 Antibodies to Chsp60 have been found to be associated with scarring sequelae of chlamydial infection in the eye and the genital tract, 39, 40 and it has been shown that IFNg is capable of mediating overexpression of Hsp 60 in vitro in HeLa cells. 37 The role of this IFNg-mediated induction of Hsp 60 in vivo has not been established. IFNg is also recognized to participate in the remodeling of the extracellular matrix (ECM) during repair from tissue injury by enhancing transcription of fibronectin and expression of a cell surface receptor for collagen. 41, 42 Our study gives limited support to the idea that genetically determined reductions in the transcription efficiency of IFNg, which may permit greater multiplication of C. trachomatis following infection, are associated with an increased risk of scarring. Studies using quantitative PCR estimates of bacterial load have found that high bacterial loads in the conjunctiva are associated with intense disease, 43, 44 and there is Cytokine SNPs linked to risk of severe trachoma A Natividad et al evidence linking intensity of conjunctival inflammation with scarring in later life. 45 Distal and proximal promoter variants thought to affect IL10 production were genotyped. Common SNPs (IL10 À3575 and þ 5009) were associated with increased risk of TS and trichiasis, with strong dose-response effects. Additionally, two extended haplotypes, delimited by the above SNPs, were found to confer risk and resistance to severe disease. The protective haplotype IL10-TCGA contains the common À3575T and þ 5009A alleles, and the rare À3575A and þ 5009G alleles, which were both associated with risk of disease, have accordingly both been found to lie in the risk haplotype IL10-ACGG. Individuals homozygous for either the risk or protective haplotypes were at greater risk of, or more protected from disease, respectively, than heterozygotes, providing further biological plausibility (Table 5) .
Haplotype analysis showed that the disease-associated allele IL10À3575A in the distal promoter region was present in the risk haplotype IL10 ACGG, but was not contained in any other extended haplotypes having more than 5% prevalence in the population. This allele occurs within a putative Pit-1-binding site and has previously been associated with low IL10 production. 46 In our study, it occurs in complete LD with the À1082C/À592G 'proximal promoter haplotype' previously reported, 46 which has been connected to both high and low IL10 production. [47] [48] [49] We found no disease association either in carriers of À1082C/À592G (data not shown) or with individual markers at IL10 À1082 or IL10 À592 (Tables 1  and 2 ). It has been suggested that the predominant IL10 producer phenotype is determined by the distal haplotype which bears the SNP at position À3575. 46 Incomplete linkage between proximal and distal SNP markers in the promoter region could explain the conflicting data relating to moderation of IL10 transcription by proximal SNPs/haplotypes, and may underlie our finding that the À1082C/À592G proximal promoter variant occurs within both risk and protective haplotypes.
In contrast, the À3575T allele was linked to three proximal haplotypes, À1082C/À592G (in the protective haplotype), À1082T/À592T and À1082T/À592G. The haplotype À3575T/À1082C/À592G is part of a larger haplotype which has been associated with both higher IL10 production 46 and increased mRNA transcription levels. 50 A common SNP at position þ 4259 in the 3 0 UTR region was found to be in high LD with the high IL10 producer haplotype. 50 We found that the common þ 4259A allele, linked with higher IL10 transcription, was associated with both protective À3575T and þ 5009G alleles, whereas the rare IL10 þ 4259G allele linked with lower IL10 expression was associated with the À3575A and þ 5009G risk alleles (data not shown).
Differential IL10 expression, in some instances connected to genotypes of IL10, has been associated with increased risk of several infectious and autoimmune diseases. 46, 49, [51] [52] [53] [54] IL10 secretion has been demonstrated in genital C. trachomatis infection 54 and increased IL10 expression found in active trachoma. 15 It has been thought that increased production of IL10 confers risk of severe disease by antagonism of the Th1 response necessary for clearance of chlamydial infection. 10, 11 However, IL10 produced locally by T lymphocytes and antigen-presenting cells antagonises the proinflammatory response, and consequent reduced tissue remodelling 55, 56 in the inflamed conjunctiva might explain why more efficient IL10 production might have a beneficial effect on the risk of adverse outcomes in trachoma. In the ongoing work, we are studying the functional significance of the above associations by quantifying IL10 haplotype-specific transcription in vivo and investigate whether any of the differences found are due to functional SNPs within the risk or protective haplotypes.
In this study, we found associations between common variation at candidate gene loci and the risk of developing the severe complications of ocular C. trachomatis infection. We presume that variation in these regulatory regions has an effect on the timing and expression levels of immune effectors and therefore may be important in effective host defense. This type of polymorphism tends to have higher minor allele frequency than exonic polymorphisms, and the markers are often common in other populations. This improves statistical power for identifying variants that may exert a small to moderate effect on susceptibility to disease, and allows comparisons of effects to be made across populations. 57, 58 As many allele-disease associations rely on LD between marker and disease susceptibility locus, this study of genetic association against the background of LD patterns and haplotype structure has improved definition of the genetic elements involved in conferring risk of disease. A better understanding of how these variants influence disease risk can improve understanding of the molecular basis of disease pathogenesis in humans and thereby reduce one of the major barriers to the development of a chlamydial vaccine.
Patients and methods
A total of 1315 subjects identified by clinical examination using WHO criteria 59 were recruited from trachoma endemic villages in The Gambia. They included 651 subjects with TS, of whom 307 additionally had trichiasis (TT) pair-matched by sex, age, ethnic group and village of residence with unrelated subjects with normal eyelids. The subjects were otherwise healthy. We have previously studied and reported polymorphism at the HLA, TNFa and IL10 loci in a subset of these subjects at an earlier point of recruitment. [18] [19] [20] [21] Their mean age was 37 years (range 5-90), 907 were females (69%). Ethnically, 26% were Mandinka, 33% Wolof, 23% Jola and 11% Fula. The remaining 7% consisted of minority Gambian ethnic groups.
DNA extraction
From each individual either a 10 ml sample of venous blood in EDTA or a buccal brush specimen was collected. Peripheral blood mononuclear cells (PBMCs) were separated for DNA extraction. DNA extraction was performed using standard phenol-chloroform or salting out methods.
Ethical approval
The study and its procedures were approved by the Gambia Government/MRC Ethics Committee (SCC 729/ 857), the Ethics committees of the London School of Hygiene and Tropical Medicine and of Oxford University, and are in accordance with the Declaration of Helsinki. Subjects diagnosed with trichiasis were offered free corrective surgery.
SNP selection
To identify the most informative haplotype-tagging SNPs to type for disease association in Gambian subjects, we analyzed the pattern of LD in 128 unrelated Gambian chromosomes using 32 family trios. Full details are described elsewhere (Koch et al, submitted; Wilson et al, submitted). In brief, validated public SNPs of 45% minor allele frequency across the IFNg and IL10 loci were genotyped, and after constructing haplotypes and applying the entropy maximization method 60 we identified two sets of four htSNPs that described 90% of the observed haplotypic diversity at IFNg and IL10, respectively (Figures 1 and 2 ).
SNP typing
Genotypes were determined by the Sequenom system using matrix-assisted laser desorption/ionization timeof-flight (MALDI-TOF) mass spectrometry. 61 In all, 2 ng of extracted DNA was used in each PCR reaction in a 5 ml reaction mixture containing 2 mM MgCl 2 , 0.8 mM dNTPs, 0.025 U/ml Biotaq and 0.5 ml of 10 Â buffer (Bioline). Primer sequences are available on request. The PCR cycling conditions were: 961C for 1 min; followed by five cycles of 45 s at 941C/45 s at 561C/30 s at 721C, followed by 29 cycles of 45 seconds at 941C/45 s at 651C/30 s at 721C, with a terminal extension phase of 10 min at 721C. Negative controls and replicates were included as a quality control measure. The accuracy of the genotyping methodology was confirmed by restriction enzyme digestion (details available on request).
One SNP, IL10-3575A/T, which introduces an EcoR1 recognition site, was genotyped by PCR-restriction fragment length polymorphism (RFLP). DNA (1 ng) was amplified using 1 mM of primers 5 0 -CAATT-TAGTCCTGTGAATTCC-3 0 and 5 0 -ACATCCCCCACTG-GAAGAAT-3 0 , 1 U of Ampli Taq gold, 2 mM MgCl 2 , 0.8 mM dNTPs with the PCR conditions: 14 min at 961C, then 40 cycles of 30 s at 961C/30 s at 531C/30 s at 721C; 41C for 10 min. PCR product (10 ml) was digested with 10 U/0.5 ml EcoR1 (Biolabs), 1.5 ml 10 Â NEBuffer and 3 ml of water for 3 h at 371C. Digestion products were electrophoresed on 3% agarose gel stained with ethidium bromide at 200 V for 3 h and results examined under UV light.
Allele frequencies. Estimates of allele frequencies were determined by dividing the total number of each observed allele by the total number of chromosomes in the population sample. Genotype distributions at all loci were tested in cases and controls separately by the w 2 test for HWE.
Haplotype reconstruction and frequencies. The program PHASE was used to infer haplotypes from population genotype data. 62 The algorithm uses population genetics and coalescent theory to predict the pattern of haplotypes to be expected in natural populations. It also uses Bayesian methods to reconstruct haplotypes from population genotype data, while estimating the uncertainty associated with each PHASE assignment. To check the accuracy of haplotype reconstruction, PHASE inferred haplotypes were compared with those from the SNPHAP program for haplotype construction from population data (http//www.hgmp.mrc.ac.uk/Menu/ help/Snphap). Runs were carried out at least twice for each subset of htSNPs in order to check for inter-run variability. No significant difference between algorithms nor inter-run variability was observed. Estimates of the frequency of each inferred haplotype for cases and controls were calculated by dividing the observed number by the total number of chromosomes in the population sample.
Association analysis. w 2 statistics (or Fisher's exact test if appropriate) with 1 degree of freedom was used to test for differences in allele and haplotypic frequencies between cases of trachomatous scarring with or without signs of trichiasis (TS) and of trichiasis only (TT), with their pair-matched unrelated controls. CLR analysis for disease association taking into account matching of casecontrol pairs was performed in STATA software. In the presentation of results, and where feasible, reference genotypes were generally selected to be those that were common in our study population and neutral: that is, at similar frequencies among case and control groups. Genotypes conferring susceptibility or protection are accordingly represented by odds ratios of greater and less than one, respectively.
